Abstract The staff at the Radiochemical Engineering Development Center, located at Oak Ridge National Laboratory, produced a 6.3 ± 0.4 GBq (1.7 ± 0
Introduction
Argonne National Laboratory is home of the Argonne Tandem Linear Accelerator System (ATLAS), which is capable of accelerating heavy ions at energies in the range of the Coulomb barrier. ATLAS is the world's first superconducting linear accelerator designed to investigate the properties of the nucleus, the core of matter and fuel of stars in the energy regime. Beams of nearly all stable isotopes, ranging from the proton to uranium, as well as a number of in-flight produced light radioactive beams can be studied in ATLAS [1] . The recently commissioned Californium Rare Isotope Breeder Upgrade (CARIBU) has been added to ATLAS to supply heavier neutron-rich beams. The neutron-rich beams are used to produce and study neutron-rich nuclei similar to those produced in the astrophysical rapid neutron capture process, which is believed to be responsible for a large fraction of the heavy elements in the Universe [2, 3] .
The planned source for the heavy neutron-rich isotopes is a 3.7 GBq (1 Ci) 252 Cf source. Californium-252 emits fission fragments and numerous neutrons from its approximately 3 % spontaneous fission and has a 2.64 year halflife [4] . The Radiochemical Engineering Development Center (REDC), located at Oak Ridge National Laboratory (ORNL), was asked to produce the 3.7 GBq (1 Ci) 252 Cf source needed for the CARIBU project. The method chosen to produce this source was an ammonium acetate electrodeposition. Other electrolyte systems, such as isobutanol, have been employed to electrodeposit actinides (An) as a thin layer on metallic surfaces and can yield an impressive 90 % deposition of An at areal densities up to 500 lg cm -2 in a single step [5] . Previous studies at the REDC indicate that the ammonium acetate system should produce similar results; however, it has been inconsistent, at times requiring repeated attempts for a successful deposition.
In order to achieve an efficient electrodeposition with a high specific activity, the 252 Cf material to be deposited must be free from extraneous mass. Removing lanthanides (Ln) is of key importance. This work will focus on the purification of Cf from Ln and the electrodeposition and production of the 252 Cf CARIBU source.
Experimental

Materials
Nitric acid (Optima, HNO 3 =351 year) were taken from stock on hand at the REDC. The tracers were combined, brought to dryness, and dissolved in 100 lL of 0.1 M HCl. This mixture was used as the working stock for the Ln/Cf separation studies. Quantitative analysis was performed via gamma (c)-ray spectroscopy using a calibrated high-purity germanium detector (HPGe) with an active detector volume of *100 cm 3 and PC-based multichannel analyzer (MCA) (Canberra Industries Inc., Meriden, CT). The detector has an energy resolution of 0.8 at 5.9 keV, 1.0 at 123 keV, and 1.9 at 1,332 keV. Relevant nuclear data were obtained from Browne and Firestone [6] . All calibrations were determined with standard c-ray sources traceable to the National Institute of Standards and Technology (NIST). The 145 Sm was tracked by the 61 keV c-ray, the 153 Gd was tracked by both the 97 and 103 keV c-rays, and 249 Cf was tracked by both the 333 and the 388 keV c-rays. The 140 La tracers were obtained from the decay of 140 Ba via cation ion exchange and were tracked by the 328 and 487 keV crays.
The 252 Cf material chosen for the source production was dispensed from the 252 Cf Production Campaign 75 C75-D100 package, which contained 249 Cf, 250 Cf, 251 Cf, and 252 Cf, 9.9, 17.2, 5.1, and 67.9 w/w %, respectively. Quantitative analysis of the solutions was performed via a neutron assay station within the REDC shielded hot cell facility. The 252 Cf assay is made by inserting sources ranging from *3 lg to 60 mg into a water shield that has a line-of-sight void between the source and a 238 U-loaded fission detector (Westinghouse Model WL-23076). The 238 U is fissionable by fast neutrons but not by thermal neutrons and consequently only reacts with the neutrons emanating from the 252 Cf source positioned inside the shield. Neutrons from extraneous sources located inside the shielded hot cell facility are discriminated against because they must pass through the water shield and are therefore thermalized. These thermal neutrons have insufficient energy to cause fission of the 238 U. All calibrations were determined with a secondary 252 Cf wire standard that had been calibrated against a source traceable to NIST.
Separations
AG 50X8 a-Hydroxyisobutyric acid system
A water-jacked glass column with a 0.15 cm inside diameter (ID) was packed with AG 50X8 200-400 mesh resin to obtain a 0.5 mL bed volume (BV). The AG 50X8 was wetted in distilled deionized (ddi) H 2 O overnight before the column was prepared. The column was conditioned with 6 M HCl prior to use. The temperature was held at 72°C by circulating warm water through the jacketed column. The flow rate was adjusted to 2 s per drop by applying pressure to the column with an Ar line. Then 10 lL of the working stock tracer mixture was added to 0.5 mL of 0.1 M HCl. That feed was loaded onto the column, followed by 1 BV of 0. 
Eichrom LN resin HNO 3 system
A plastic column with a 0.8 cm ID was packed with Eichrom LN resin to obtain a 1 mL BV. The LN resin was wetted overnight in ddi H 2 O before the column was prepared. The column was conditioned with 3 M HNO 3 prior to use. There was no temperature or flow rate control in this system. Feed solution was prepared by adding 10 lL of the working stock tracer solution to 1 mL of 0.5 M HNO 3 , which was then added to the column. The column was then rinsed with 5 BV of 0.5 M HNO 3 , followed by 4 BV of 2 M HNO 3 . Fractions were collected every 1 BV. All collected fractions were gamma counted, and the amounts of 145 Sm, 153 Gd, and 249 Cf were calculated.
Eichrom LN resin HCl system
The same column from the HNO 3 system was used. In between experiments the column was washed with ddi H 2 O and was reconditioned with 3 M HCl prior to use. Feed solution was prepared by adding 10 lL of the working stock tracer solution to 1 mL of 0.5 M HCl and then was added to the column. The column was then rinsed with 6 BV of 0.5 M HCl, followed by 5 BV of 0.75 M HCl. Lastly, the column was rinsed with 4 BV of 2 M HCl. Fractions were collected every BV. All collected fraction were gamma counted, and the amounts of 145 Sm, 153 Gd, and Cf were calculated. 252 Cf purification
The actual 252 Cf purification was carried out in a shielded hot cell facility. The order of the purification is as follows. The cation exchange a-HIB column was performed in the traditional fashion, as discussed earlier, to recover a 252 Cf fraction free from 248 Cm and other decay products [7] [8] [9] [10] . After the cation exchange a-HIB column, the 252 Cf material was converted to a chloride salt by taking it to dryness in HCl several times and dissolved in 2.0 M NH 4 SCN -0.1 M CH 2 O 2 (36 mL), and was passed through a TEVA column with a 1.5 cm ID and a 10 mL BV. The TEVA column was rinsed with 1.0 M NH 4 SCN -0.1 M CH 2 O 2 (80 mL). The 252 Cf was then stripped with 0.25 M HCl (three fractions of 5, 25, and 15 mL were collected; the 252 Cf was in the middle fraction). The 252 Cf fraction was added directly to a cation exchange column with a 1.5 cm ID and a 10 mL BV of AG 50x4. The cation exchange column was washed with 0.1 M HCl (100 mL) and then rinsed with 2 M HCl (50 mL). The
252
Cf was then stripped with 8 M HCl (120 mL), and passed through an anion exchange column with 1.5 cm ID and a 10 mL BV of AG MP1. The final 252 Cf fraction was taken to dryness at 100°C, and the solid residue was digested twice, with a mixture of 0.5 mL of H 2 O 2 and 1 mL of 1 M HNO 3 . The final product contained minimal solid residue upon final drying.
Electrodeposition
The electrodeposition unit used was a well type configuration (see Fig. 1 ), which had a copper base that housed a stainless steel (SS) cathode as the deposition substrate with a deposition area of 7.2 cm 2 . The well was machined out of either polyacrylic or polyether ether ketone (PEEK). A silicon gasket was used to complete the seal between the well and the substrate. The anode was a platinum plate with slits in it to prevent gas from accumulating between the electrodes. The anode was suspended in the well so that a distance of 1 cm was maintained between the anode and the deposition surface (cathode). The entire unit was designed and fabricated at ORNL. Test electrodepositions with the natural Sm and 140 La tracer surrogates were carried out using a Xantrex Technology XT 120-0.5 power source to hold the current at 0.5 A, while the potential was allowed to vary. The same deposition unit and power source were used in the shielded hot cell facility with the 252 Cf; however, the deposition was unsuccessful, so a power source that could achieve a higher current (an Agilent Technologies E3616A 0-35 V, 0-1.7 A) was used. The current was set at 1 A, while the potential was allowed to vary. The deposition with the higher current was successful. The 252 Cf from the first attempt was recovered using a cation exchange column run and was reused in the second electrodeposition attempt.
Prior to each deposition run the unit was washed with 0.1 M HNO 3 (3-4 lCi) ) was taken to dryness and was dissolved in 300 lL of concentrated HCl. Once dissolved, the solution was diluted with 2.7 mL of 0.35 M NH 4 Ac solution and was added to the deposition unit, which contained 5 mL of the 0.35 M NH 4 Ac. Three serial washes of the vial in which the material was dried were made with 0.35 M NH 4 Ac and then were added to the electrodeposition unit. The final electrolyte volume was 15 mL. The anode was then submersed in the electrolyte solution, and both it and the cathode were connected to the power source. The power source was then energized, and the current was increased slowly over the first 5 min until it reached the desired setting, at which point the power was held constant for the duration of deposition. At the end of the deposition 1 mL of concentrated NH 4 OH was added prior to de-energizing the power source to prevent the deposited material from dissolving once the potential was removed. The electrolyte solution was then collected. The unit was washed with 3 mL of 3 M NH 4 OH followed by a ddi H 2 O wash. The collected electrolyte solution and two washes were then gamma counted along with the cathode itself. During the Ln surrogate studies 100 lL samples were pulled periodically to track the efficiency of the deposition. The electrodeposition time was varied from 4 to 6 h. For longer times the total electrolyte volume was increased to 18 mL to ensure the anode stayed completely immersed for the entire deposition. Other variations included changing the well material from polyacrylic to PEEK and changing the substrate from SS to platinum. The 252 Cf deposition was carried out in exactly the same manner, using the 252 Cf material recovered, as previously described. The yield was determined indirectly by analyzing the electrolyte solution for 252 Cf before and after deposition. Two electrodeposition attempts were made with the 252 Cf; both employed the SS substrate and PEEK well.
Results and discussion
Separations
As mentioned earlier, a high level of purity is required for an efficient electrodeposition. In order to achieve this, three chromatographic separations were investigated, with a particular interest in separating the Ln from californium, using 145 Sm, 153 Gd, and 249 Cf as tracers. The systems investigated were BioRad AG 50X8 in a-HIB, Eichrom LN resin in both HNO 3 and HCl, and Eichrom TEVA resin in NH 4 SCN.
a-HIB system
The a-HIB system was investigated to gain explicit data on the Ln/Cf separation to generate a baseline for the separation processes currently in place for 252 Cf purification [11] . As expected, the 249 Cf, along with the 145 Sm and 153 Gd, remained bound to the column until the 0.25 M a-HIB pH 4.2 elution solution was passed through the column. As presented in Fig. 2 , the Cf and Gd behaved in a similar fashion, with the majority eluting between 2 and 4 BV, followed by a tailing behavior. The Sm was delayed in its elution until between 6 and 8 BV of 0.25 M a-HIB pH 4.2 and also showed a tailing effect. The delay in the Sm is expected, as the complexation of the a-HIB ion correlates inversely with ionic radii, so the larger Sm 3? ion is less strongly bound by the a-HIB ion and therefore is retained by the column longer. These results indicate that the a-HIB system is not sufficient to separate Cf from Gd, and although there is a slight separation from Sm, there are still large overlaps in the elution profiles.
For baseline development, this result confirmed that the a-HIB system does not separate Ln from An, which shows that additional steps are required to remove Ln impurities from the electrodeposition feedstock. The impurities are Fig. 1 The electrodeposition unit disassembled to show the stainless steel cathode (left) and assembled with platinum anode (right) present due to the radioactive decay of the 252 Cf, which spontaneously fissions approximately 3 % of the time. Alternative methods for this separation were investigated, including the Eichrom LN resin with nitric acid and hydrochloric acid and the Eichrom TEVA resin with ammonium thiocyanate in formic acid.
LN resin system
The LN resin was investigated in HNO 3 and HCl [12] systems. The LN resin is an extraction chromatographic resin with the chemical functionality of di-(2-ethylhexyl)phosphoric acid (HDEHP) on a hydrophobic support. HDEHP is known to complex Ln and An in both solvent extraction [13, 14] and extraction chromatography [15, 16] . The separation of Ln and An can be controlled by adjusting the acidity to control the complexation of each specific ion, where larger ions are more strongly bound by the DEHP -anion. In the nitric acid system, shown in Fig. 3 , the Sm eluted first in 0.5 M HNO 3 , with a normal distribution centered between 4 and 5 BV. The Cf and Gd did not begin to elute significantly until after the elution solution was switched to 2 M HNO 3 , where both are completely stripped from the column in 2 BV. In the HCl system (see Fig. 4 ), a similar behavior is seen with Sm eluting first in a normal distribution in 0.5 M HCl. In this system, before switching to the 2 M HCl stripping solution, 0.75 M HCl was used in an attempt to enhance the separation of Gd and Cf. Both Gd and Cf elute off in a normal distributions centered between 2 and 3 BV after the switch to 0.75 M HCl. Although the separation of Cf from Sm was slightly increased in both the HNO 3 and the HCl system over the a-HIB, neither showed an adequate separation of Gd and Cf.
Therefore, it appears that the LN resin will not be useful for purifying 252 Cf material for electrodeposition.
TEVA resin system
The last system, the TEVA resin in NH 4 SCN, was investigated because it combines extraction chromatography, ion exchange, and chemical complexation. The TEVA resin is an extraction chromatographic resin with the chemical functionality of aliphatic quaternary amine on a hydrophobic support [17] . It is similar to an anion exchange resin, except that the functional group in not covalently bound to the support and it better coordinates the anions. Most trivalent Ln and An do not readily form anionic 
Separation summary
From these four separations experiments, it was determined that an extra separation step was needed to remove any extraneous Ln metals present in the feed, as the traditional a-HIB column is only mildly effective at purifying Cf from Sm and completely ineffective at purifying Cf from Gd. Out of the extraction chromatographic systems investigated, the TEVA NH 4 SCN system, which combines aspects of extraction chromatography, anion exchange, and hard-soft Lewis acid chemical complexation, was shown to be more effective than the LN systems, which rely mostly on extraction chromatography.
Cf purification
The sequence selected for the purification of the 252 Cf material used in the electrodeposition is as follows. An a-HIB column was run to remove the decay daughters, which includes 248 Cm. After consolidation, dry down, and dissolution in 0.1 M HCl, the 252 Cf material was run through the TEVA NH 4 SCN system to remove any Ln constituents that may have followed the 252 Cf through the a-HIB column. The raffinate from the TEVA run was qualitatively analyzed and showed several Ln present, confirming like the tracer studies indicated, the lanthanide decay daughters were removed from 252 Cf fraction. The 252 Cf fraction was then fed directly into an AG 50X4 cation exchange column in HCl to remove excess SCN -and was then stripped in 8 M HCl. Lastly, the 252 Cf fraction from the cation exchange column was passed through an AG MP1 anion exchange column to remove any Fe present. The final product was then gently dried at 100°C and was digested twice in a mixture of H 2 O 2 and HNO 3 to destroy any organic species that may have resulted from resin degradation. This three-column sequence resulted in the successful purification and quantitative recovery of 5.1 ± 0.1 mg of 252 Cf.
Electrodeposition
Lanthanide surrogate electrodeposition
The electrodeposition unit was designed and fabricated at ORNL and several tests were performed to verify the method using the new unit design. These tests were first performed using Ln surrogates spiked with a radioactive tracer to identify the parameters best suited for producing a high-activity 252 Cf source in a shielded hot cell facility. The results are summarized in Table 1 . Varying the deposition times from 4 to 6 h was first investigated using a SS cathode substrate and a polyacrylic well. The transparent polyacrylic well allowed for observation of the electrolyte during deposition; revealing a large amount of gas formation was observed in both the 4 and 6 h trials. The slits in the anode design were sufficient to allow the escape of any gas that was formed between the anode and cathode. For the 4 h trial the yield was only 66.4 ± 2.7 %, while the 6 h trial resulted in a 99.3 ± 2.9 % yield. The well material was then changed from polyacrylic to PEEK. The PEEK material is opaque, so the electrolyte solution could not be observed during the trial. However, it is a more robust material and should be less prone to degradation in the high radiation fields present in the shielded hot cell. The 4 h electrodeposition using the PEEK well resulted in a 92.4 ± 2.4 % yield. Lastly, the cathode substrate was changed from SS to platinum by tack welding a platinum plate onto a SS cathode. The yield with the platinum cathode after a 4 h trial was 89.2 ± 2.7 %. Holding the current constant at 0.5 A, the voltage potential in all four cases ranged from 5 to 9 V. Of all four trials, the 6 h deposition using the polyacrylic well and the SS substrate produced the highest yield ([99 %). It was, followed by the 4 h deposition using the PEEK well and SS substrate (just above 92 %). The yield for the 4 h deposition using the PEEK well and the Pt substrate was comparable to the SS substrate run (roughly 89 %). The lowest yield was obtained using the polyacrylic well and the SS substrate (ca. 66 %). It was decided that the PEEK well, because of its robustness, and the SS substrate, because of its ease in fabrication, would be used for the production of the 252 Cf CARIBU fission fragment source in the shielded hot cell facility.
Cf Source Production
Production of the 252 Cf CARIBU fission fragment electrodeposition source was attempted twice, the first of which was unsuccessful. In both attempts, a SS substrate and a PEEK well were used in the deposition unit, as outlined above. The first attempt was carried out in a similar fashion as with the Ln surrogates, using a constant current of 0.5 A for 6 h with roughly 2.8 mg of 252 Cf (4.1 mg of total Cf). Most of the activity remained in the electrolyte solution, with only a calculated 0.22 mg (4.4 GBq (120 mCi)) of 252 Cf being deposited onto the substrate, a yield of\ 10 %. It is not entirely clear why this first attempt did not produce a better yield, but one likely culprit is the radiolytic effects caused by the large amount of activity from 252 Cf. Radiolysis complicates the solution chemistry and can add multiple electron scavengers to the system and reduce the efficiency of the deposition. It should be pointed out that, while the surrogates give a good indication of how the 252 Cf should behave, it is not surprising that there are subtle differences in the behaviors of the two species.
The second attempt was performed with a different power source that allowed the current to be increased to 1 A. The electrodeposition was run for 5 h with roughly 3.6 mg of 252 Cf (5.3 mg of total Cf). Assuming that all the 252 Cf removed from the electrolyte was electrodeposited on the substrate, this produced a calculated 3.3 ± 0.1 mg (6.3 ± 0.4 GBq (1.7 ± 0.1 Ci)) 252 Cf electrodeposition fission fragment source with a 91.5 % yield (see Fig. 6 ). This is the largest reported 252 Cf electrodeposition source ever produced.
Conclusions
Several different chromatographic purification methods were investigated to determine which would be most effective for final purification of the feed material used for the CARIBU fission fragment source. The separation of Ln from the Cf was of special interest. The separation, using 145 Sm, 153 Gd, and 249 Cf as tracers, was investigated using BioRad AG 50X8 in a-HIB, Eichrom LN resin in both HNO 3 and HCl, and Eichrom resin in NH 4 SCN. The a-HIB system showed a small separation of Sm from Cf, with Cf eluting before the Sm; however, there was no separation of Gd and Cf. Similarly, in the LN resin systems with HNO 3 or HCl, Cf and Gd could not be separated, while a small degree of separation was seen for Sm; however, the elution order was reversed, with Sm eluting off slightly before Cf. Finally, the TEVA NH 4 SCN system showed good results, completely separating both Sm and Gd from Cf. The 252 Cf was initially purified using the traditional a-HIB column to remove the decay daughters and was further purified using the adopted TEVA NH 4 SCN system to remove any Ln, followed by an AG 50X4 cation exchange column in HCl to remove SCN -, and an AG MP1 anion exchange column to remove any Fe present, resulting in quantitative recovery of 252 Cf. An electrodeposition system was devised and tested with Ln surrogates using an ammonium acetate electrodeposition method. The optimized system was transferred into a shielded hot cell facility, where a 6.3 ± 0.4 GBq (1.7 ± 0.1 Ci) 252 Cf deposition was successfully produced. This is the largest reported 252 Cf electrodeposition source ever produced.
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